Abstract. In 2000, comet 28P/Neujmin 1 was an ideal candidate for a phase function study: during its April opposition it reached a phase angle of α = 0.8
Introduction
Comet 28P/Neujmin 1 is a short-period (SP) comet with an orbital period of 18.2 years, an eccentricity of 0.776 and an inclination of 14.2
• . The comet is currently moving toward perihelion, which will be reached in January 2003 (q = 1.56 AU) and has an aphelion distance of Q = 12.30 AU. Comets may be characterized dynamically by the Tisserand invariant, T J , which is an approximate constant of the motion in the restricted three-body problem. Those comets with T J > 2.0 are likely to have originated in the Kuiper Belt, and are called Jupiter-Family (JF) comets. Comet P/Neujmin 1 has T J = 2.16. A comet's dynamical history may strongly influence its chemistry, activity level and nucleus surface properties (Meech 1999) .
Comet 28P/Neujmin 1 is a very low activity comet, with typically only a very faint tail/coma appearing at perihelion. The maximum water production rate at perihelion has been measured at log Q = 27.22 mol s −1 , which implies an active effective area of 0.52 km 2 Send offprint requests to: C. Delahodde, e-mail: catherine.delahodde@astrsp-mrs.fr Based on observations collected at the European Southern Observatory, La Silla, Chile, Keck and University of Hawaii telescopes, Mauna Kea, and Cerro Tololo Observatory, Chile.
(A' Hearn et al. 1995) . Given the estimated surface area of the nucleus, this implies that less than 0.1% of the surface is active. A'Hearn et al. noted that this is a common property of the comets originating in the Kuiper Belt. Only a handful of comets are known to have lower perihelion production rates than 28P/Neujmin 1. Observations in 1984 just past perihelion (r = 1.67 AU) showed only a small gas production and no apparent dust coma (Campins et al. 1987) . Deep observations at r = 3.88 AU post-perihelion (Jewitt & Meech 1988) showed no evidence of coma. This makes this comet an ideal candidate for nucleus studies without the interference of a dust coma. Chemically, the comet falls in the group of "typical" SP comets, i.e., it has not been depleted in carbon-chain molecules. The depletion, seen primarily in JF-SP comets, has been suggested by A'Hearn et al. (1995) to reflect a primordial chemical diversity.
An estimate of the radius has been obtained from thermal infrared measurements and a standard thermal model (with an assumed phase law of β = 0.04 mag deg −1 ), yielding a radius between 8.8 and 10.6 km ± 5% (with an implied axis ratio of 1:1.45), and an albedo of p = 0.03 (Campins et al. 1987) . A rotation period was determined by Wisniewski et al. (1990) and Jewitt & Meech (1988) to be near P = 12.67 ± 0.05 hr with a range of ∆m = 0.5 ± 0.1 mag. The range implies a projected axis ratio of 1.6 ± 0.1. Using data from three runs, they also determined an estimate of the linear phase coefficient of β = 0.034 ± 0.012 mag deg −1 . Because there are very few in-situ opportunities to study the surfaces of comet nuclei, we must rely on remote observations. Therefore, we know very little about the surface properties of cometary nuclei -with the notable exception of the in-situ measurements for comet 1P/Halley. A still largely unexplored method of investigation for comets is the study of the solar phase function, which can give us direct information about the surface roughness as well as some independent constraints on the albedo. In order to properly describe the phase function with a photometric model, one has to obtain measurements not only over a broad phase angle (α) range, but also at very small phase angle, in order to sample the "opposition surge", a brightening of the phase curve occurring at α < ∼ 5
• . Lumme & Bowell (1981) , and Hapke (1981 Hapke ( , 1984 Hapke ( , 1986 have developed photometric models of rough and porous surfaces considering multiple scattering of light among small particles in atmosphereless bodies. At very small phase angles, the interparticle shadows tend to disappear causing a non-linear increase of brightness, while at larger α (but still < ∼ 90
• ), the phase behaviour is a linear drop in magnitude. Both Lumme and Bowell, and Hapke formalisms consider porosity as the main factor influencing the opposition effect, while the geometric albedo and large-scale roughness mostly affects the linear part (see Bowell et al. 1989 , for a review). More recently, coherent backscattering has been evoked to explain the opposition effect and improve theoretical models (Muinonen 1994; Hapke et al. 1998) . Belskaya & Shevchenko (2000) have shown a linear dependence of the phase coefficient (i.e., the slope of the linear regime) with the logarithm of the albedo on a sample of 33 asteroids; they find a correlation coefficient of 0.93 in a phase range of 5-25
• , suggesting that an estimation of the geometric albedo with an accuracy of about 15-20% can be made with the evaluation of the phase coefficient alone. The large scale roughness can be determined using Hapke's equations, but only if diskresolved data are available at large phase angles (α > 90
• ). Meech & Jewitt (1987) performed a detailed investigation of the scattering properties of the dust in comet 1P/Halley's coma and found no opposition surge, only a brightening consistent with a small linear phase coefficient of β = 0.02 ± 0.01 mag deg −1 . This was consistent with observations of the scattering from the dust comae of four other comets. The dust in the coma originates from the surface of the nucleus, and as porous aggregates of interstellar grains, it is expected that coma dust could show enhanced backscattering just as do Brownlee particles. Fernández et al. (2000) have conducted a detailed study of the physical properties of the nucleus of 2P/Encke, including an analysis of the nucleus phase function using HST, ISO and ESO data, in addition to a large collection of historical data points. They used a standard thermal model with their infrared data to determine a nucleus size and an albedo of 0.047 ± 0.023. Their data spanned a phase angle range from 2.5
• < α < 117 • , and within this range they found a linear phase function of β = 0.06 mag deg −1 . From this steep phase function and an attempt to fit the data to a Lumme-Bowell phase law accounting for multiple scattering, they infer that the surface of 2P/Encke is very rough. Like 28P/Neujmin 1, 2P/Encke is a very low activity comet, with less than 2% of the surface active.
Finally, Lamy et al. (2001) have looked at 55P/Tempel-Tuttle between 3
• < α < 55
• (from their HST data and from Hainaut et al. 1998, and Fernández 1999) , to obtain a phase coefficient of β = 0.041 mag deg −1 , and compare the phase curve with the Hapke photometric model of C-type asteroid 253 Mathilde (Clark et al. 1999) . Although no opposition surge can be seen in Tempel-Tuttle, the Mathilde phase function matches the comet's data very well, so that the two bodies are likely to be similar in terms of albedo (0.047 ± 0.005) and roughness (mostly responsible for the linear part of the phase curve, cf. Lumme & Bowell 1981) . Unlike the Fernández and Lamy data, which relied on measurements from space and used a coma-removal technique, most ground-based observations are usually restricted to phase angles less than α ∼ 20
• , which is not enough to obtain a clear interpretation in terms of roughness, single-particle albedo, texture, as long as in-situ measurements are non-existent, but a phase function study provides a useful tool for comparisons with asteroids and extinct comet candidates, or icy satellites, especially with respect to the opposition effect determination.
In this paper we will present the results of our investigation of the surface properties of comet 28P/Neujmin 1.
Observations
Observations were obtained using a large suite of telescopes and instruments spanning a range of dates from 1985-2000. The observing circumstances are shown in Table 1 and described below. A total of 31 nights was obtained, which correspond to 24 distinct runs for the phase function study.
On all photometric nights, standard stars from Landolt (1992) were observed. Some of the nights were not photometric (see Table 2 ), having some cirrus present, and have been recalibrated on photometric nights. This calibration utilizes the measured relative brightnesses of a large number of field stars and the comet in each field, and is very accurate for extinctions as large as ∆m ∼ 1.0 mag.
University of Hawaii 2.2 m telescope
All of the data obtained using the UH 2.2 m telescope used the Kron-Cousins photometric system (B: λ 0 = 4380Å, ∆λ = 1077Å; V : λ 0 = 5450Å, ∆λ = 836Å; R: λ 0 = 6460Å, ∆λ = 1245Å; I: λ 0 = 8260Å, ∆λ = 1845Å). February 1991 -A series of twenty two 300 s exposures of the comet were obtained while guiding at the comet rates. The intent was to get a deep composite image in which neither comet nor the stars would be trailed, to get a photometric point for the heliocentric light curve. The images were not taken with the intent of optimizing S/N in the individual images to look at the rotational light curve.
February 1996 -Although the night was photometric, the telescope had to close between 06:15-08:45 UT because of high humidity. In addition, there were very high winds (sometimes gusting to 86 km h −1 ) which affected the image quality.
Kitt Peak national observatory 4.0 m and 2.1 m telescopes
The observations were made with a TI 800×800 CCD camera at the 4 m Prime focus, and with the same detector at the Cassegrain focus of the 2.1 m telescope. The observations were obtained through the Mould filter system. Images were tracked at sidereal rates but kept short so that image trailing was not a problem. The standards of Christian et al. (1985) were observed for calibration in 1985 and 1986. However, they were not observed at a variety of airmasses and because absolute calibration is critically important for this project these fields were recalibrated using Landolt standards on Nov. 26, 2000, using the ESO 2.2 m telescope. A full description of the observing particulars for these data may be found in Jewitt & Meech (1988) and references therein.
Cerro Tololo interamerican observatory 1.5 m, and 4.0 m telescopes
April 1989 -The observations on the CTIO 1.5 m telescope were obtained using the TI#2 800×800 CCD binned in 2 by 2 mode to better match the plate scale to the conditions. The detector had been repaired just prior to the observing run, and was installed on the telescope just an hour before evening twilight flats were obtained on our first night. However, tests showed that the instrument was performing optimally.
March 1992 -The March 1992 data were obtained using the CTIO 4 m telescope with the new Tek1024 CCD, and Mould filter R 10 . Non-sidereal guiding was not functioning at this telescope, so we kept the individual exposures short enough that the comet would trail by less than a pixel (0. 47; i.e. half the seeing disk) during the exposure. Non-sidereal tracking was then achieved by shifting the individual images later in the composite.
Canada France Hawaii 3.6 m telescope
Observations were made using the Faint Object Camera (FOCAM) at the prime focus. Although there were 31 images taken on this night, the strategy was to obtain a deep image to search for coma. The exposure times were therefore limited to 90 s each, so that the comet would move by no more than 1 pixel (0. 21) during the integration. In this manner, composite images can be constructed which have both untrailed stars and comet images for comparison.
W. M. Keck observatory 10.0 m telescope
Images of 28P/Neujmin 1 were obtained on 1997 December 30 on the Keck II telescope usingthe Low Resolution Imaging Spectrometer (LRIS) in its imaging mode. Images were taken through the V (λ eff = 5473Å, ∆λ = 1185Å) and R (λ eff = 6417Å, ∆λ = 948Å) filters, and were guided at non-sidereal rates.
ESO NTT and 2.2 m telescopes at La Silla
Most of the 2000 observations were made at the 3.6-m New Technology Telescope, with the SuSI-2 CCD camera, at the "A" f/11 Nasmyth focus. SuSI-2 is a mosaic of two 2k × 4k, 15 µm (0.08 arcsec) pixel, thinned, anti-reflection coated EEV CCDs, aimed at direct imaging with a field of view of 5.5 × 5.5 arcmin. In all our runs, we used the 2×2 pixel binning mode, making the pixel size 0.16 arcsec. We mostly observed through the Bessel R filter (λ 0 = 6415.8Å, ∆λ = 1588.9Å), with some additional V and I images (Bessel V : λ 0 = 5441.7Å, ∆λ = 1151.7Å, Bessel I: λ 0 = 7949.6Å, ∆λ = 1478.2Å).
March and April 2000 -Observations were obtained with the 3.6-m NTT. The 3 runs took place when the comet was at very small phase angles, where we expect an opposition surge in the phase curve. It was thus very important to obtain the best time coverage in order to establish a rotational lightcurve that can disentangle the shape/albedo amplitude from the phase-induced variations. P/Neujmin 1 was observed during a half-night on March 30, and two consecutive nights during the April runs. Exposure times were chosen to be 900 s, with differential tracking, in order to obtain a high S/N (between 50 and 100 in a 3 aperture, depending on the filters) and to provide good sampling for the lightcurve analysis (see Sect. 3.2). However, we chose to shorten to 300 s some R exposures in April, in order to maintain good lightcurve sampling while at the same time have time for V and I images.
July 2000 -The first run took place at the ESO/MPG 2.2-m telescope, with the Wide Field Imager mounted at the f/8 Cassegrain focus. The WFI is a 2k × 4k mosaic of 8 CCDs, with a total field of view of 34 × 33 arcmin and a pixel size of 0. 24. We used the R c filter, a close to the Cousins R filter, with a sharp cut-off at 7400Å. The comet was placed on the chip with the best quantum efficiency (FOV 8.4×16.8 arcmin) , and close to the optical axis. We limited the exposure times to 600 s, in order to avoid trailing. The comet's apparent motion was 6 /hr, and the seeing 1. 3, so the trailing was undetectable during the exposures. On 2000 July 27 (NTT+SuSI2), five 900 s images through the R filter could be obtained before the comet set, soon after sunset.
Analysis
Unless otherwise noted, data were processed in a standard manner using a combination of twilight sky flats and dark sky flats made from dithered object images. This yields extremely flat images, important both for doing precise relative photometry of the comet with respect to field stars and for searching for faint coma. A more detailed description of this method can be found in Hainaut et al. (1998) . Images of the comet are shown in Fig. 1 . In cases where the comet was observed continuously (and not interspersed between other targets), these are composites of the entire night of data. They were made by using the centers of the field stars to compute frame offsets and then applying an additional offset calculated from the ephemeris rates, image start time and CCD plate scale.
Photometry
The extraction of the comet flux from the CCD frames was done using both the photometry routines in the MIDAS (Banse et al. 1988; European Southern Observatory 1999) and IRAF (Tody 1986) software packages. The flux was accumulated within a circular aperture centered on the center of light and the sky background flux was determined from an annulus centered on the comet. The statistical moments of the sky sample were used to reject any bad pixels or field stars found in the sky annulus. On some occasions, field stars were placed such that the sky background had to be determined manually by statistically accumulating the counts in several different locations in the vicinity of the comet. The smallest aperture possible (dependent upon seeing) was selected to minimize the sky error contribution while including the most light (>99.5%) from the nucleus, and was usually selected to be 3 times the seeing.
In the 2000 dataset, when the stars appear elongated (i.e., during the NTT runs), we could not determine an aperture correction factor from stellar profiles, so we measured the magnitude using a brightness radial profile routine, integrating the flux over pixel-size annuli, centered on the object. Using synthetic objects, Delahodde et al. (1999) found that for data with S/N higher than ∼25, the asymptotic region (i.e., no more flux from the object) is detected and starts at an aperture size of 3 times the seeing. The sky noise dominates for apertures typically 5-6 times the seeing. In the case of our data, ∼90% of the profiles presented an asymptote that could be interpreted as the real magnitude of the comet; in some cases however, no clear asymptote could be seen, either because of stellar/galactic contamination in the sky background, or problems with differential tracking. In these cases, we then either used the measurement corresponding to an aperture size equivalent to 3 times the seeing disk, or rejected the data point (mostly when stellar contamination was visible). An example of this method is presented in Fig. 2 . In data sets where there were data obtained over a significant time interval, attempts were made to ascertain the rotational phase of the comet (cf. Sect. 3.3). Photometry of the comet relative to all frame field stars of equal or greater brightness was performed and the comet brightness was compared to the mean result of the (constant) field stars. Typically, we used ∼10-60 stars, except for the SuSI2 observations in 2000, where only ∼5 field stars could be measured, due to the very small FOV of the nightly composite images.
Photometric calibration was achieved independently on each night with fits to the Landolt (1992) star fields. Fields were observed at several airmasses during the night to fully solve for extinction, system colour terms and zero points. With the large format detectors, the fields often have a large number of standards, so the fits are very robust. However, we have noticed that even on completely photometric nights the extinction can vary with time and position on the sky, so very precise search for brightness variation in the comet requires differential photometry to field reference stars.
The filters used were either from the Bessel or the Kron-Cousins system (with the exception of the WFI R c , which is close to K-C). Computing the colour term in the photometric equation ensures that all the reduced magnitudes are in the Bessel System as described in Landolt (1992) . Tables 3 and 4 present the photometry from all of the runs. When there was insufficient time coverage to present rotational information, the data from each night has been averaged to increase the S/N. The first nine columns list the specifics of the observations and the observed magnitudes. We present in the last three columns the mean magnitude for each run (from composite images), then our best estimate of the mean R magnitude in rotational phase (cf. Sect. 3.3), assuming a colour V − R = 0.454 ± 0.050 (see Table 6 ), and the absolute R magnitude. When there was not enough time coverage to constrain the rotational phase, we kept the composite mean magnitude, and assigned it a value of 0.45 mag as an error bar (i.e., the lightcurve range, see Sect. 3.2). In this paper, we only present the composite or average, rotation-free points used for the phase function study; nevertheless, the details of all the individual measurements can be found in an electronic form of these tables.
The reduced magnitude m(1,1,α) has been computed using:
where m is the measured magnitude, r the heliocentric distance [AU], ∆ the geocentric distance [AU] . For each epoch, the morphology of the comet was visually checked for coma, using night composites (see Fig. 1 ). All images appeared point-like, revealing no resolved coma. The question of cometary activity is further discussed in Sect. 3.4.
Period search
The period search was performed on the data from March to July 2000, using an algorithm derived from that of Harris & Lupishko (1989) . The best period matching the observations over 3 months is P syn = 12.75 ± 0.03 h. This result is in good agreement with the 12.68 ± 0.05 h period found by Jewitt & Meech (1988) , and corresponds to 175 full rotations between March 30 and July 01. The periods corresponding to 174 and 176 rotations are 12.82 and 12.68 hours, respectively, and do not represent the best fit. The phased R magnitudes are presented in Fig. 3. An offset is applied for each night of data in the composite lightcurve in order to center the lightcurve on the mean brightness of the comet. This offset corresponds to the phase effect we precisely want to assert for the phase curve (cf. Sect. 3.3). It also includes the uncertainty in the zero point determination, which is why the data points in the figure contain only the error bars from photon noise (the systematic error is removed by the period search program). This effect is taken into account in the phase function study by adding the error on the zero point (as measured each night with Landolt stars) to the uncertainty on the mean magnitude determination.
The rotational lightcurve has an asymmetric, doublepeaked shape, with a range of 0.45 mag, typical of shapedominated lightcurves. A lower limit for the elongation ( ) can be estimated as:
where a > b are semi-major axes of an ellipsoid model, and ∆m is the range of the lightcurve. The amplitude is also consistent with the Jewitt and Meech lightcurve (1988) . Such an elongation is not outstanding, compared to the other comet nuclei measured. Values range from 1.2 (Wilson-Harrington, Faye) to more than 2.3 (Borelly, Schwassmann-Wachmann 1); P/Halley has = 2.0 (Meech 2000) . f Observed R magnitude; g Magnitude converted to rotationally averaged brightness by fitting a template lightcurve to the set of individual data; when the fit is impossible, the mean measured magnitude is kept, with the lightcurve range as error bar (0.45 mag).
h Reduced R magnitude, assuming V − R = 0.45, inferred from Mp. The error bars reflect statistical errors and the rotational phase uncertainty. 
Phase function
We attempted to find the absolute rotational phase of the observed lightcurve fragments (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) in order to get the correct rotationally averaged mean magnitude of the comet at these epochs. For that purpose, we first produced an analytical model of the 2000 March to July composite lightcurve. This was done using a Fourier-like sine series limited to the 10 first orders, reproducing the period, amplitude and shape of the observations. The model is a symmetric double peak (i.e., it includes only even terms of the Fourier series) lightcurve. The mean magnitude of the model was adjusted from −0.5 to +0.5 mag around the mean magnitude of the observed data, with a step of 0.01 mag. For each value, the phase origin of the model lightcurve was varied from 0 to P/2 (i.e., covering half a period P = 12.75 h, which is sufficient, since the model is a symmetric double peaked lightcurve), with a step of 0.005 P . For each of these 10 4 models, the χ 2 of the observations with respect to the model was computed, weighted by the data errors, as following:
where i refers to the individual magnitude measurements for the considered run. The outputs of this process are the values of phase origin and mean magnitude corresponding to the lowest χ 2 , as well as a map of the χ 2 over the parameter space. This was repeated for the lightcurves measured through apertures ranging from 1.0 to 3.0 . The obtained mean magnitude is reported in column "M p " of Table 3 . A sample χ 2 plot for January 1993 is shown in Fig. 4 , and the results of all the fits discussed below are shown in Fig. 5 . 
Individual runs
September 1985 -The comet was observed during 3 consecutive nights (4-5 points each night), and the data were recalibrated in Nov. 2000 (cf. Sect. 2.2). The resulting lightcurve is very well matched by the template (cf. Fig. 5a ). As a consequence, the χ 2 is very peaked, resulting in a 0.1 mag error bar on the mean magnitude.
March 1986 -There was four images of the comet during one night, and no variation is seen. The data were recalibrated in Nov. 2000 (cf. Sect. 2.2). Therefore, we report only the average magnitude for this run in Table 3 , with an error bar for the phase curve equal to the lightcurve range (0.45 mag).
October 1986 -The comet was observed during three consecutive nights, and the data were recalibrated in Nov. 2000. Rotational variations are clearly present and the dataset matches the template (cf . Fig. 5b) ; we thus derive an absolute brightness of 12.46 ± 0.1 mag.
November 1987 -Four data points covering a time span of ∼1 h show a very steep magnitude increase that is well matched by the model lightcurve (Fig. 5c ). The χ 2 map indicate a 1 h uncertainty for the rotational phase, and a 0.1 mag uncertainty for the magnitude. We report the absolute magnitude and error from this model.
February 1988 -The dataset contains six data points with a total magnitude of ∼0.5 mag, i.e., slightly more than the amplitude of the template lightcurve. This is either caused by errors on the individual data points, or by a missmatch between the actual lightcurve and the template (see Fig. 5d ). A consequence is that the χ 2 indicates a larger uncertainty on the average magnitude (0.25 mag).
May 1988, December 1988, February 1989 -The comet was too faint to be measured on individual frames. The images were therefore co-added, and the comet measured on the composite. This magnitude is reported in Table 3 . As we have no rotational information, the error on M p is set to the full amplitude of the lightcuve.
April 1989 -With a time baseline of 1 hour for the April 11 KPNO 4 m data, and an average magnitude from the CTIO 1.5 m dataset 5 days earlier, we were able to use the phasing technique described in Sect. 3.3 to determine a fairly good estimate of the average magnitude on this date. The fit is shown in Fig. 5e .
December 1989 -Although individual images for the 1989
December run lacked sufficient S/N for rotational information, it was possible to bin the data into 4 groups. The time span for the observations was 1 hour. With a half period of 6.375 hours, the comet should go from max to minimum brightness (0.5 mag) in 3.186 hours. In one hour, we would expect up to a change of ∆m = 0.25 mag. In a small aperture (2. 0, to minimize sky noise), the observed variation has ∆m = 0.37 ± 0.13 mag, which is consistent with the comet moving from maximum to minimum brightness. Therefore, this implies that the mean magnitude reported in Table 3 is likely to be near the middle of the range. The Fourier phase/magnitude fit is shown in Fig. 5f , and the value is reported in Table 3 . rotational phase because of (i) the low S/N of the individual images and (ii) the complications because the comet passed close to and over a faint field star. We made a template deep star field by using the relative positions of all the field stars from frame to frame to compute frame offsets in x and y and adding the individual shifted images. This composite star image was scaled, shifted and subtracted from the individual frames. For some of the frames the subtraction of the field star worked extremely well, but in others it did not (because of changes in seeing, which varied from 1. 5 to 2. 0 during the night). In the frames where the comet and faint field star were sufficiently well separated to measure them separately, we computed the difference in brightness between the comet and faint star. In the total composite image, with the comet image sitting on top of a faint star trail, we used the ratio of the areas of the comet and trailed stars to compute the fractional flux computed by the faint star and subtracted this from the total flux to arrive at the composite image comet brightness.
February 1991 -The lightcurve contains 22 measurements of the comet, but the S/N is too low to exhibit any significant rotational variations. Therefore, we report only the average magnitude for this run in Table 3 , with an error bar for the phase curve equal to the lightcurve range.
January 1992, March 1992 -As for the December 1988 and February 1989 runs, the comet was too faint to be measured on individual frames. The images were therefore co-added, and the comet measured on the composite. With no rotational information, the error on M p has been set to the full amplitude of the lightcuve.
January 1993 -The lightcurve fragment contains eight data points over 2 h, perfectly matched by the template (Fig. 5g) . We use directly the model mean magnitude and χ 2 -derived uncertainty.
January 1994 -The lightcurve fragment contains only 4 points over ∼1 h, with no variation. The template adjustment fails to constrain the phase and the mean magnitude. We therefore report the mean magnitude with an uncertainty equal to the range of the lightcurve.
January 1995 -The comet was too faint to be measured on individual frames; the magnitude M p reported in Table 3 is the measurement on the composite image, with an error bar equal to the range of the lightcurve.
February 1996 -We examined the photometry results in the smallest aperture measured (1. 0), where the contribution from the sky noise was the smallest, in order to see if there was any evidence for rotational variation for which we could try to fit the phase. We were able to get a fit for phase and mean magnitude. Although the χ 2 fit was reasonably good, the locus of the minimum "valley" was fairly shallow, which resulted in a higher uncertainty on the phase averaged magnitude (see Fig. 5h ). Based on measurements from the composite image, we then apply an aperture correction of ∆m = −0.62 mag to recover the full flux reported in Table 3 .
December 1997 -The colours for the Keck data point were measured independently in 3 apertures (1, 2 and 3 ) and while there appeared to be a slight trend (redder in the smaller apertures), the colour was consistent with being constant within the errors, so an average value is reported here for the 2 data points spaced the closest in time (Fig. 5i) .
March-July 2000 -The comet brightness was measured with the "radial profile" method described in Sect. 3.1, and compared with a set of bright field stars. In the case of NTT data, only ∼5 stars were common to all the images in the night composites, since the comet was moving fast (of the order of 15 /hr), and the field of view was only 5.5 × 5.5 arcmin. The frames were rotated to place the trails vertically and the stars were measured in rectangular apertures. The variations found in the magnitudes of the faintest stars due to changes in extinction were of the order of 0.05 mag i.e., well below the rotational amplitude of the comet. We obtained a total of 62 R measurements, combined altogether to create the template rotational lightcurve presented in Sect. 3.2. The measurements are presented in Table 4 .
Results and discussion
The absolute m R (1, 1, α) obtained from Eq. (1) and the rotationally averaged magnitudes as described above, are displayed in Fig. 6a . When there was not enough time coverage to rephase the lightcurve, we used the rotational range (i.e., 0.45 mag) as the error bar and weight in the determination of the phase functions parameters. Those points are represented by crosses in the figure. The data points from the 2000 campaign at ESO, which was aimed at the phase function determination, and which derive from lightcurves with a good rotational phase coverage, are represented with open circles. While this figure seems at first sight to be dominated by strongly dispersed points with large error bars, it is important to note that the NTT-2000 data (i.e., with the smallest error bars) show an opposition surge at α < 3
• that is statistically significant. Unfortunately, there is no rotation-free point from the 1985-1997 dataset to further sample this opposition effect. The phase trend (i.e., the linear drop of brightness at larger α) is also clearly visible on the figure. We therefore decided to model these data using various formalisms for the phase function. In each case, we took the required precautions to weight the data using their individual uncertainty in order to exploit at best the dataset and estimate properly the uncertainties on the model parameters.
We used four models to fit the data:
where β is the phase coefficient, commonly used for comet observations, at large phase angles; -the Shevchenko law (Belskaya & Shevchenko 2000) :
which is entirely empirical, but allows a description of the opposition effect in terms of amplitude and width; -the IAU-adopted (H, G) system (Bowell et al. 1989) :
where H = m(1, 1, 0), and G is the slope parameter, and -the original Lumme and Bowell phase law, from which the IAU law is derived (Lumme & Bowell 1981) :
where Q is the fraction of multiply scattered light.
No attempt has been made to use Hapke's model (Hapke 1993) , because of the lack of phase coverage and the poor sampling of the opposition effect. Each model will be discussed later. Each fit was performed by minimizing the χ 2 of the observations weighted by the error bars (from 0.03 to 0.45 mag in the worst cases), while exploring the whole space of the model's parameters. For each model, the absolute magnitude m(1, 1, 0) was adjusted from 11.5 to 12.5, with a step of 0.01 magnitude. The phase coefficient b in Eq. (6) varied from 0.01 to 0.05, with a step of 0.001 mag deg −1 . The opposition effect parameter a of Eq. (6) varied from 0. to 1. (step 0.01). Finally, the G and Q parameters from Eqs. (7) and (8) were chosen to vary from −0.3 to 0.7 (step 0.01). The best fit results are summarized in Table 5 , and the corresponding phasecurves are overplotted in Fig. 6b .
The parameter β of the so-called linear model is the slope of the IAU-adopted phase law, estimated between 15 and 20
• . The value of β is different from the one found for 55P/Tempel-Tuttle (β = 0.041 mag deg −1 , Fernández 1999) , and the mean slope of C and P-type asteroids (Helfenstein & Veverka 1989; Belskaya & Shevchenko 2000) , which are primitive, low-albedo asteroids and are likely to have surface properties similar to comet nuclei. This discrepancy is illustrated in Fig. 6b by the Crosses mark points for which we do not have enough time coverage to determine the rotational phase; their error bar is arbitrarily set to 0.45 mag, i.e., the full amplitude of the lightcurve. b) The fitted phase functions, obtained through a fit of all the data points, presented with the rotation-free magnitudes (see Sect. 3.3.2) . The Lumme and Bowell curve, very similar to the IAU phase law, was not represented for clarity. The phase curve of asteroid Mathilde, of comparable albedo (Clark et al. 1999) , is compared to the fits of P/Neujmin 1 (and has been shifted for clarity). The difference of shape (both in the opposition effect and in slope) between the two objects is most likely due to different natures of surface structures. The slope of each object is represented by the coefficient β (in mag deg −1 ). phase curve of asteroid 253 Mathilde, a dark C-type asteroid which has been successfully compared to comet P/Tempel-Tuttle (Lamy et al. 2001) . Not only is the slope of Neujmin 1 more shallow, but the opposition surge is also steeper than Mathilde's. However, a mere linear model neglects the opposition effect, and must be refined. A simple improvement is done by the Shevchenko equation. In a recent paper, Belskaya & Shevchenko (2000) used an empirical formalism to compare the opposition effects of 33 asteroids, among which were 6 C-type and 3 P-type asteroids. They describe the opposition surge by its amplitude and its width; they find similar behaviours at phase angles 0-25
• for C and P-type asteroids: an amplitude of about 0.15 mag, and a width (the angle of the opposition effect beginning) of about 3.5
• . The result of our Shevchenko fit (see Table 5 ) leads to an amplitude of 0.32 ± 0.02 mag and a width of 6.5±0.5 deg. Surprisingly, this result is in good agreement only with their sample of medium-albedo M-type asteroids (p v ∼ 0.15). The comparison is certainly a coincidence, given the differences in nature between M-type asteroids (metal-rich) and comet nuclei. Unfortunately, the phase parameters are not available for any outer Solar System minor bodies, and it is likely that this situation will not change soon, as TNOs and Centaurs are never observable at phase angles greater than a few degrees.
The IAU and Lumme & Bowell laws (Eqs. (7) and (8)) give very similar results at low phase angles, but diverge shortly beyond 15
• . For clarity, only the IAU law is plotted in the figure. They confirm the steepness of the opposition effect compared to the mean C-type asteroids (Q ranging from 0.07 to 0.12, Lumme & Bowell 1981) . Such steep opposition surges are seen in higher albedo bodies, such as M-type asteroids or icy satellites and giant planet rings (Brown & Cruikshank 1983; Karkoschka 1997) . The steepness of Neujmin 1's surge could be the signature of a very porous surface (cf. Sect. 1), and/or indicate the presence of ices on the surface. There is no detailed phase curve of D-type asteroids nor Trojans, to which Neujmin 1 seems to be close in terms of colour and albedo, because of their relatively large distances (i.e., α < ∼ 15
• from ground-based observations). However, some D and P-type asteroids of comparable albedo (0.03-0.05) are reported by Tedesco (1989) to have G parameters in the 0.27-0.32 range. This is the case for instance of Asteroid 377 Campania (G = 0.31, p V = 0.05), but more observations are clearly needed for further comparisons. Finally, data at α larger than 25
• are needed to better constrain the photometric models of Neujmin 1. This is possible at smaller heliocentric distances (for instance the unusual gentle slope of the linear fraction of the phase curve could be infirmed), with possible use of coma-removal technique in case the comet would show significant activity, as proven successful by Lamy et al. (Lamy & Toth 1995; Lamy et al. 1998) . It would be very interesting to compare the phase Fig. 7. m(1, 1, 0) versus heliocentric distance. The IAUadopted (H, G) system was chosen here. This figure is compatible with the observation of a bare nucleus.
parameters of 28P/Neujmin 1 to those of other comets; we hope that this study will encourage publications on other comet nuclei. Figure 7 shows the absolute magnitude m(1, 1, 0) as a function of the heliocentric distance. For this section, we used the phase correction predicted by the IAU-adopted model using the parameters in Table 5 . The plot is compatible with a constant value. We conclude that the comet was totally inactive, i.e., that no unresolved coma escaped our examination of the images and that we observed the bare nucleus during all the runs.
Heliocentric light curve

Colours
In Table 6 , the colour measurements of P/Neujmin 1 are compared to mean values for various classes of minor bodies in the Solar System (Hainaut & Delsanti 2001) . We used the R model lightcurve described in Sect. 3.3 to extrapolate the value of R at the moments of the V and I observations, and thus derive the colours.
In April 2000, the lightcurve sampling in V and I was good enough to search for rotation-induced variations. We obtained the rotation-free V − R and R − I colours by adjusting the template R lightcurve (cf. Sect. 3.2) to the V and I measurements. Figure 8 presents all the data points from those two nights, each filter fitted by this model lightcurve. The R lightcurve template matches perfectly the V and I observations, both in phase and shape, with a simple shift in magnitude. We therefore conclude that Neujmin 1 does not present colour variation with its rotation. Mean colours are directly derived from the offset used to shift the lightcurve template between the filters; they are listed in Table 6 . The previous observations show that the V −R colour variations and errors are compatible with the constant value of 0.454 found in April 2000. However, we also report a V − R of 0.574 ± 0.043 (i.e., significantly redder) from December 1997, and the dispersion of R − I colours is larger than expected from the errorbars; nevertheless, there is no significant trend. As the comet has been inactive over the whole period of observation, and as the April 2000 multicolour lightcurve shows that there is no significant colour change over the rotation, we do not propose a physical explanation for these changes; they are most likely caused by the problems intrinsic to the I filter, such as background fringing, which is difficult to correct.
28P/Neujmin 1 is a fairly red nucleus compared to other nuclei, but slightly bluer than other Outer Solar System minor bodies. A very low-resolution spectrum can be obtained from broad-band photometry using 
where R(λ) is the relative reflectance of the comet, normalized to 1 at λ V , the central wavelength of the Bessel V filter (i.e., 5442Å). The reflectivity spectrum of Neujmin 1 presented in Fig. 9 includes our mean V − R and V − I colours, as well as a B − V point from Relative reflectance of 28P/Neujmin 1, derived from broad-band photometry (this work: black circles, and Campins et al. 1987: triangle) . The spectrum is normalized to 5442Å (V band). The slope is similar to D-type asteroids (see Sect. 3.5). Campins et al. (1987) (derived from their visible reflectance). The spectral index is measured at S = (9.1 ± 1.9) %/10
3Å
. This slope is significantly bluer than the average value for Trans-Neptunian Objects (TNOs: 23.8 ± 13.1 for Plutinos, and 28.0 ± 16.4 for the so-called "Cubiwanos", Hainaut & Delsanti 2001) or Centaurs (24.2 ± 18.3). It is consistent with D-type asteroids, which have an average S = 9.5 ± 1.6%/10 3Å (Fitzsimmons et al. 1994) , and most Trojans (Jewitt & Luu 1990 ). In the Tholen taxonomy of asteroids, C, D, and P-type asteroids are primitive bodies (Tholen 1984) ; their surfaces are thought to be covered by a dark (albedos in the 0.02-0.06 range), red organic mantle, a result of the solar UV and high-energy particles irradiation (Gradie & Veverka 1980; Moroz et al. 1992) , which makes them good spectral candidates for cometary nuclei analogues. Jewitt & Luu (1990) found that Trojans, and especially D-type Trojans (which constitute 60% of their population), were the closest spectral analogues, with an average index S = 8.8 ± 1.0 %/10 3Å . Hicks et al. (2000) also suggest by comparing spectra and orbital elements that two D asteroids may be extinct comets. Finally, Campins et al. (1987) compared their observations of P/Neujmin 1 with asteroids of various types, and conclude that the nucleus is best represented by D-type asteroids.
Summary
• We have obtained an improved rotation period for comet 28P/Neujmin 1 of 12.75 ± 0.03 hrs, and an amplitude of 0.45 ± 0.05 mag. This yields an axis ratio lower limit of of 1.51 ± 0.07.
• We have determined the phase function for the nucleus between 0.6 • < α < 14.5
• with four models. A phase trend clearly appears, including an opposition surge of brightness. This opposition effect is steeper than the mean C-type asteroid observations, but is comparable to higher-albedo asteroids and icy satellites. This can be interpreted in terms of higher porosity or presence of ice(s). More observations at higher phase angles are needed in order to explain the shallowness slope of the linear part (0.025 ± 0.06 mag deg −1 ), also in contradiction with low-albedo Solar System bodies.
• The heliocentric lightcurve is consistent with a bare nucleus observations. • We have obtained new colours for P/Neujmin 1: V − R = 0.454 ± 0.050, and R − I = 0.413 ± 0.060; these colours are consistent with the ones published by Campins et al. (1987) , and similar to D-type asteroids. They are bluer than average TNOs and Centaurs, but comparable with other comets.
